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Abstract 
The transition to large-scale CO2 storage as part of a low Carbon-fuels energy mix will require intelligent use of 
reservoir management methods, and can draw from many decades of experience from Enhanced Oil Recovery (EOR) 
projects. CO2 EOR is also proposed as an important CO2 storage option, but has not yet been optimized for CO2 
storage.  We focus here on the application of reservoir management methods for optimizing CO2 storage. 
In hydrocarbon production, high recovery factors normally relate to good volumetric sweep of the injected phase, 
as has been demonstrated by 4D seismic monitoring for a number of fields. The volumetric sweep in turn depends on 
the sweep efficiency at the pore scale as well as the macroscopic areal and vertical sweep. Flexible drainage strategies 
that can be adapted over time have also proven to be a key to successful enhanced recovery measures. 
In order to translate this reservoir management perspective to CO2 storage in saline aquifers, we simulate a 
number of cases using Sleipner-based and Snøhvit-based reservoir models. The Sleipner case involves CO2 injection 
close to the critical point in a high permeability sandstone reservoir while the Snøhvit case involves deeper, high-
pressure injection into a moderate permeability fluvial reservoir. Our simulation results indicate that the sweep 
efficiency during the injection period has a critical effect on the long-term storage behavior. Therefore, the injection 
period is an important time-window where it is possible to actively design the injected phase composition, injection 
pressure and temperature, the injection strategy, and the flooding pattern in order to manage the CO2 plume 
development. 
Careful design of the injection wells is critical for successful delivery of the overall injection plan. For large-scale 
CO2 injection projects alternative well configurations are required to increase injectivity. Our simulated cases with 
long-reach and/or multilateral injection wells give significant improvements in injectivity. Such well designs 
combined with methods for enhancing the sweep efficiency result in increased overall storage efficiency and effective 
use of the available pore space. 
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1. Introduction 
Significant experience has been gained in offshore field developments for oil and gas production both 
in the Norwegian Continental Shelf and elsewhere. Massive hydrocarbon gas injection (miscible and 
immiscible) has been widely applied offshore Norway for several decades (e.g. at the Statfjord, Oseberg, 
Smørbukk Sør and Grane fields) and has resulted in recovery factors 10-20% higher than the world 
average. Water injection and water-alternating-gas (WAG) techniques have also been implemented in 
fields such as Statfjord [1], Gullfaks and Heidrun. The key to the success of these approaches has been 
the ability to combine reservoir characterization, monitoring technology, smart wells and innovative 
flooding techniques in cross-disciplinary reservoir management projects. Project management for EOR 
projects uses seismic imaging, geological modeling of reservoir architecture, modeling internal barriers, 
up-scaling of representative model domains, and 3D stochastic property modeling. Reservoir simulation 
skills include smart gridding, up-scaling of relative permeability, control of capillary pressure effects, 
careful tuning of fluid PVT, and integrated time-lapse (4D) seismic history matching techniques with 
uncertainty handling. 
The injection strategy that has been applied in early field-scale demonstration CO2 injection projects, 
such as Sleipner and Snøhvit, used single wells to store CO2 in the target formation. While cost effective, 
these single-well solutions resemble early practices in hydrocarbon production which lacked integrated 
reservoir management techniques. The petroleum industry has now matured with the use of a wide range 
of reservoir management techniques and this valuable experience can be adapted to the younger, 
emerging CCS industry. 
In this paper, we adapt reservoir management techniques to the practice of CO2 storage to demonstrate 
novel methods for pressure control and storage capacity enhancement. Numerical simulations using 
Sleipner-based and Snøhvit-based models are used to quantify the effects of applying techniques such as 
extended reach wells and alternating phase injection for CO2 storage. 
2. Concept description  active plume management 
Fluid injection in hydrocarbon production projects is applied for a variety of reasons ranging from 
simple pressure maintenance to more sophisticated miscible displacement processes. When the injected 
phase is intended to displace the in situ hydrocarbons, phase segregation and fingering are among the 
most common problems which can reduce the displacement efficiency. Water-alternating-gas (WAG) and 
related injection techniques have been developed to impede fingering and segregation and increase the 
microscopic and macroscopic sweep efficiency [2]. CO2 injection in saline formations has several 
similarities with gas injection into oil reservoirs - the process is dominated by gravitational forces and 
strong segregation between CO2 and water occurs. In gas injection for hydrocarbon recovery, gravity 
segregation can result in considerable parts of the reservoir being bypassed by the injection gas leading to 
a limited reservoir volume at the top of the structure being swept by the injected gas. In CO2 injection, the 
consequence of gravity segregation is that only a small fraction of the storage volume can be utilized to 
accommodate CO2. As observed at Sleipner, supercritical CO2 occupies a limited volume at the top of 
each aquifer layer because of its low density compared to in situ brine and then continues to spread 
laterally below the low permeability zones [3].  
WAG has proven to be a successful technique for oil production, because it can stabilize the injection 
front and reduce unwanted gas segregation. In this paper, we present three patented technologies which 
are designed to stabilize the CO2 injection front in a saline formation and to prevent uncontrolled 
segregation using mechanisms that resemble a WAG process. In a WAG process, slugs of water are 
injected to inhibit the vertical movement of injected gas phase by creating a 3-phase region where 
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additional oil is mobilized due to improved microscopic sweep (lower residual oil saturation to gas) and 
macroscopic sweep (improved contact with un-swept zones). The outcome of a WAG process is 
improved production of attic  and cellar oil  that would otherwise remain bypassed by a 
simple gas injection or water flood [2]. In a similar way, development of the injected CO2 front in saline 
aquifer storage can be controlled in such a way that more of the pore space is utilized for CO2 storage. 
However unlike WAG injection which involves injection of two essentially different phases, the injection 
methods we propose here involve designing the phase of the injected CO2 to resemble cycles of gas-like 
and liquid-like injection. 
In a multi-component fluid system, the thermodynamic equilibrium can be altered by changing 
composition, temperature or pressure of the system. By changing any one of these parameters, the 
component distribution between the phases is changed and a new thermodynamic equilibrium is achieved. 
Modification of composition, temperature or pressure in the injected (CO2-dominant) phase can be used 
to obtain the desired gas-like or liquid-like behavior in the injected phase. 
 
The gravity number, Ngv describes the relative dominance of gravitational and viscous forces in a 
reservoir and has been used to assess the risks involved in CO2 injection in saline formations by 





Where kv CO2 
dipping angle,  is CO2 viscosity and uinj is the injection velocity. The three techniques proposed here aim 
to decrease the gravity number in the reservoir during the injection period by increasing CO2 viscosity 
and reducing density difference between CO2 and saline water. The result is a more centralized plume 
near the injection point and reduction of the spreading and upward migration of the CO2 plume. To verify 
these proposed techniques, compositional, thermal simulation models were prepared based on realistic 
geological models of the Utsira (Sleipner) Formation. 
2.1. Composition Swing Injection technique (CSI) 
If the composition of a multi-component fluid system is changed either by introducing a new 
component or by changing the total composition, a new distribution of components between the phases is 
established resulting in a different critical point for the new mixture. 
The change of the critical pressure and temperature can be considerable such that the new mixture at a 
given pressure and temperature exhibits completely different phase and volumetric behavior. Consider 
two multi-component systems A and B both dominated by CO2. Composition A is a typical CO2-rich 
injection stream (e.g. from an amine CO2 separation process) with a CO2 mole percent of above 98. 
Composition B is a designed mixture with a CO2 mole percent of around 90. Figure 1 depicts the phase 
envelope for Composition A, with the critical point of Tc=30.06 °C and Pc=74.52 bara. Composition B 
has a critical point of Tc=47.08 °C and Pc=78.85 bara.  Figure 2 shows the phase envelope for 
composition B. In a storage reservoir with initial conditions of TR=37 °C and PR=100 bara, as shown in 
Figures 1 and 2, composition A is a supercritical mixture that exhibits gas-like behavior, while 
composition B is a liquid with much higher density than composition A. 
The patented Composition Swing Injection (CSI) [6] technology involves cyclic injecting of slugs of 
two different CO2-rich injection stream compositions (like compositions A and B) that exhibit gas-like 
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Figure 1. P-T diagram for the typical CO2 injection stream (composition A). 
 
Figure 2. P-T diagram for the modified injection stream (composition B). 
 
These alternating injection streams could be sourced from different CO2 capture processes or gas 
processing facilities.  The CSI technique will hamper segregation of less dense and more mobile CO2-rich 
streams and establishes a more stable CO2 front, as will be demonstrated in this section. 
A compositional reservoir model based on a realistic geological model of the Utsira Formation has 
been used in this study to verify the CSI concept. Important parameters governing the flow of CO2 within 
the saline formation including well location and design, vertical and lateral communication, PVT 
properties, and the static and dynamic flow properties are similar to Utsira. The simulation results 
therefore indicate what would happen in an Utsira-analogue reservoir if the CSI technique was applied. 
Figure 3a shows the CO2 plume at the top of the reservoir after around 30 years of CO2 injection of the 
CO2-rich stream at a rate of about 1 MT/yr. Considerable amount of CO2 has reached the top of the 
reservoir as a result of buoyancy and gravity segregation. Figure 3b is a cross section of the reservoir at 
the injection point showing the lateral extent of the CO2 plume after around 30 years of injection. 
Although some of the injected CO2 is retained by barriers to vertical flow in this model still majority of 
injected CO2 leaves the near well-bore area and segregates to the top. 
To test the effects of CSI, the modified CO2 composition is injected at cycles of six months from the 
beginning of the injection process. All other parameters are kept unchanged to isolate the effect of CSI. 
Figure 4a shows the resulted CO2 plume at top of the reservoir after 30 years of injection. The amount of 
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CO2 reaching the top of the reservoir has been reduced considerably and the lateral movement of CO2 
plume has also been reduced to give a more concentrated plume (Figure 4b). 
 
 
Figure 3. CO2 plume after 30 years of injecting the CO2-rich 
stream (a) top view; (b) cross-section at injection point 
showing lateral extent of plume. CO2 concentration is given 
in kg-mole/Rm3. Z scale is exaggerated by 7. 
 
Figure 4. CO2 plume after 30 years of CSI injection (a) top 
view; (b) cross-section at injection point showing lateral 
extent of plume. CO2 concentration is given in kg-
mole/Rm3. Z scale is exaggerated by 7.
Superposition of the plume map resulting from the CSI technique on the plume map for conventional 
CO2 injection shows that the plume from CSI covers almost the same area as the conventional CO2 
injection plume but 5 years earlier. This is shown in Figure 5.  Arrival of CO2 at the top seal is usually 
associated with the risk of CO2 seepage [4]. Reducing plume size at top of the structure can therefore be 
considered an important contribution by CSI technique.  
2.2. Temperature Swing Injection technique (TSI) 
Temperature is another parameter that influences the thermodynamic equilibrium in a multi-
component mixture. If the temperature in a multi-component system is changed while total composition is 
kept unchanged, the distribution of components between phases will change and a new equilibrium will 
be established. Consider a composition with phase envelope shown on Figure 6. If this mixture is injected 
at Tinj= 48 °C and Pinj=102 bara, it will exhibit a gas-like behavior while injection at Tinj= 30 °C and the 
same pressure results in a mixture behaving like a liquid at the injection point. 
 
 
Figure 5. Comparison of plume sizes for conventional injection and CSI. Boundary of conventional injection is from 5 years earlier. 
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Figure 6. P-T diagram and injection point pressure and temperature for the TSI demonstration case. 
The effect of the patented TSI technique [6] has been tested using the model explained above. Since 
the basis for achieving the required phase behavior is temperature variation, a compositional thermal 
model is used to simulate the process. The injection composition is kept unchanged but injection 
temperature is changed at cycles of high and low temperatures. Cycle length is six months and injection 
continues for around 30 years. Figure 7 shows the effect of TSI. In the base case simulation shown on 
Figure 7a, injection temperature is constant at reservoir temperature of TR= 48 °C. In the TSI injection 
case shown on Figure 7b, the same composition is injected but injection temperature is changed in cycles 
from 48 °C to 30 °C. When TSI technique is used, the size of the plume reaching top seal is smaller than 
for conventional CO2 injection, indicating improvement in front stability and reduction in gravity 
override. 
In practice, temperature fluctuations for the TSI process could be achieved by sourcing different 
injection gas streams or by exploiting the excess heat from CO2 capture process. Although both the CSI 
and TSI techniques should be optimized for their effect in reducing the CO2 gravity segregation, they 
could also be used in combination to achieve a combined swing injection.  Our preliminary analyses 
indicate that the CSI technique has a more prominent effect on stabilizing the CO2 plume than the TSI 
technique, but further work is needed on this issue. 
 
 
Figure 7. Effect of TSI technique on CO2 plume size below top seal. (a) Left picture, top view of CO2 plume after 30 years of 
isothermal injection; (b) Right picture, top view of CO2 plume after 30 years of TSI injection. 
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2.3. Pressure Swing Injection technique (PSI) 
Another parameter that can be modified to design the phase of the injection stream is pressure. In the 
PSI technique [6] the pressure of the system is changed causing a shift in phase equilibrium. Pressure 
variation can therefore be used to reach the desired phase behavior at the injection point. Pressure change 
is, however, directly related to temperature and compositional variations. By changing the injection 
temperature, the density of the injection stream is also modified resulting in a different hydrostatic head in 
the injection well. This also results in a variation in injection pressure. Change in the injection 
composition has a similar effect on pressure. Therefore, in this study we only demonstrate the effects of 
the CSI and TSI techniques, and PSI is assumed to have similar effect if pressure is used as the 
controlling parameter. 
2.4. Multi-parameter technique 
It is of course possible to achieve the required phase behavior by modifying more than one of the three 
parameters explained above. In fact, all three approaches may be used in combination to achieve a 
specific swing injection process for a given situation. 
A combined Swing Injection technique can be used to minimize the magnitude of parameter 
modification for any of the controlling parameters. For instance, TSI can be used together with CSI in 
order to reduce the extent of composition modification required to achieve the desired phase behavior.  
2.5. Quantitative analysis of active plume management techniques 
The gravity number explained earlier in this section describes how modification of CO2 properties 
reduces gravity override and stabilizes the CO2 plume. The effect of the proposed CSI, TSI, and PSI 
techniques can thus be quantified in terms of the gravity number, Ngv. Table 1 compares the reservoir 
gravity numbers under conventional injection with reservoir gravity number when active plume 
management techniques are used. A CSI cycle as explained in section 2.1 can reduce the gravity number 
at the injection point by around 33 percent. This will have significant effects in reducing the gravity 
override in the reservoir. Temperature variations in injected stream in TSI process can have similar 
effects on the properties of the injected phase and consequently can reduce the gravity number to the 
same extent as CSI, as shown in Table 1. Temperature dissipation inside the reservoir, however, reduces 
these effects to a degree that CSI remains a more effective technique in stabilizing the injected CO2 
plume. As can be seen from Table 1, in this demonstration case CSI has increased the CO2 storage 
capacity by around 62 percent through reducing the total number of the cells invaded by CO2.  
Spatial moment analysis [7], [8] is commonly used in hydrology for the statistical characterization of 
solute plumes in aquifers. This methodology can equally be employed to assess the effects of active CO2 
plume management techniques in terms of storage efficiency and risk factors. Spatial moments calculated 
for the CO2 concentration distributions are included in Table 1. The zero-order moment, m0, provides the 
total mass of CO2 injected into the formation. Normalized first spatial moments, m1/m0, define the 
location of the center of CO2 mass (mean), Xi. The normalized second central moments, m2c/m0, are a 
measure of the spread of the plume (variance), ij, around its centroid location. The effect of reduced 
gravity segregation is corroborated by the lower center of mass, Xz, for CSI and TSI applications to a 
lesser degree compared to their base case. 
The overall reduction in plume spreading, both laterally as well as vertically, points out the more 
compact plume development with application of the CSI and TSI techniques. 
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Table 1. Quantitative assessment of active plume management techniques.  
Case Gravity number Center of mass Plume spread Plume volume 
 Ngv Xz  [m] xx [m2] yy [m2] zz [m2] [R m3] 
Constant composition injection 8.43 x 10-3 899 343056 490355 2685.6 9.52 x 1010 
CSI technique 5.64 x 10-3 913 303794 438026 2283.9 3.51 x 1010 
Percent difference 33.1 1.6 11.4 10.7 15.0 61.5 
Constant temperature injection 7.21 x 10-3 926 252513 406996 2027.7 2.02 x 1010 
TSI technique 4.67 x 10-3 927 250411  415310  1935.9 1.92 x 1010 
Percent difference 35.2 0.1 0.8 -2.0 4.5 5.0 
3. Concept description - injection well design 
For CO2 storage in depleted oil or gas reservoirs, existing wells may be used for CO2 injection and 
only some modification of facilities and well completions may be necessary. Furthermore, the required 
CO2 injectivity can be reliably estimated from the history of oil or gas production or injection and the 
reservoir properties are normally well known. Consequently, internal communication within the reservoir 
and the expected storage capacity can be estimated quite accurately. However, for CO2 storage in saline 
aquifer formations, both well injectivity and internal reservoir communication are generally highly 
uncertain. A conventional single vertical injection well design cannot guarantee either the required 
injectivity or availability of storage capacity in the area penetrated by the well. Unexpected pressure 
buildup or limited injectivity could be experienced if the formation is highly compartmentalized or the 
reservoir properties are lower than expected. 
CO2 injection rates in existing CCS projects, both industrial-scale projects such as Sleipner [9], In 
Salah and Snøhvit [10] and pilot-scale projects such as Ketzin [11] and Decatur-Illinois can be considered 
as moderate (in the range of 0.1-1mtpa). Future large-scale CCS projects will involve injection of 
million tons CO2 per year. At these high injection rates, injectivity and communication become 
critical parameters and conventional vertical well design may not be the optimal solution. 
Horizontal extended reach wells are known to provide much higher productivity and injectivity 
indexes. Horizontal CO2 injection wells have been used (e.g. at In Salah) but the benefits of advanced 
injection well technology have not been thoroughly evaluated. 
By drilling horizontal multi-branch wells, the chances of connecting with multiple reservoir 
compartments increases considerably, and this also reduces the risk of unwanted pressure buildup in the 
storage reservoir. Drilling and completion costs can be reduced by drilling open-hole sidetracks from 
main branches completed with Outflow Control Devices (OCD) [12] that ensure a uniform drawdown 
along the horizontal branches. 
To demonstrate the improved performance of a horizontal multi-branch well in a realistic situation, a 
model resembling the Snøhvit Tubåen Formation was used in this study. The fluvial Tubåen Formation 
and related challenges for CO2 injection are described elsewhere [13]. Horizontal well design is 
introduced here as a better alternative to inject CO2 inside a layered reservoir system with considerable 
limitations on plume vertical movement. In this case, enhanced injectivity is main aim for the injection 
design and not the control of vertical segregation. 
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Figure 8 compares the CO2 plume after around 20 years of CO2 injection resulted from a multi-branch 
well equipped with OCDs with that of the actual Snøhvit vertical well. As can be seen from this figure, 
the horizontal well utilizes much more of the storage place available in this layered reservoir. In the 
conventional vertical well solution, only the layers with highest permeability contribute to CO2 storage 
due to differential injectivity. Also note that considerable volume of CO2 occupies the top of the structure 
when the conventional vertical well is used. 
Figure 9 compares the bottom-hole pressures for vertical and horizontal wells. While considerable 
pressure increase is expected in the vertical well, the bottom-hole pressure in the horizontal well remains 
significantly lower. Thus while in practice, a single vertical well was chosen as the best solution for the 
Snøhvit CO2 injection project, our study shows that significantly higher storage could have been achieved 
in the same reservoir using advanced injection well technology. In practice, the additional costs of 
horizontal multi-branch injection wells would need to be balanced with the economics of large-scale CCS 
projects. However, it is clear that 10-100 mtpa CO2 storage projects should exploit the benefits of 
advanced injection well design.  
 
Figure 8. (a) Left, CO2 plume resulting from a conventional vertical well after about 20 years of injection; (b) Right, CO2 plume in 
the same reservoir when an extended reach multi-branch well is used. Z scale is exaggerated by 7. 
 
Figure 9. Comparison of bottom-hole pressures; vertical well versus multi-lateral well in the same reservoir. 
 
4. Conclusion 
Two reservoir management technology themes were presented here focused on designing the CO2 
plume behavior in saline aquifers during the injection period. In the first theme, the concept of active 
plume management was developed and the CSI, TSI, and PSI techniques were proposed to impede phase 
segregation in reservoirs where gravitational forces dominate in order to obtain a more centralized plume. 
Simulation results indicate that phase segregation can be controlled considerably and consequently the 
storage capacity of the saline formation is increased. 
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The active plume management techniques are potentially more effective in maximizing CO2 storage 
than other plume management alternatives such as CO2 WAG discussed elsewhere [14], both in terms of 
the level of required facilities and the project cost. Injecting cycles of chase water in a CO2 WAG process 
could create problems such as pressure buildup, corrosion, and loss of injectivity due to fines migration. 
While for instance changing the injection temperature using TSI technique is both technically less 
complicated and much cheaper. 
The second technology theme, injection well design, was introduced for CO2 injection in reservoirs 
where viscous forces are dominant. Using realistic simulation models it was shown that drilling extended 
reach long horizontal wells can maximize utilization of storage place in complex and layered reservoirs 
and can reduce the risks of pressure buildup. The use of outflow control devices (OCD) ensures uniform 
distribution of injected CO2 along the horizontal sections while drilling open-hole sidetracks reduces the 
drilling and completion costs. W d considerably due to the extended 
reach. 
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